Extraction of information about residual elastic strain within the bulk is of primary importance in understanding deformation and stress within engineering components. Current techniques for mapping residual strain often require (semi)destructive sample preparation and only provide strain information at discrete points within the sample. The solution proposed here, based on the Bragg edge neutron transmission method, is non-destructive, and in principle allows a three-dimensional reconstruction of the residual strain throughout the bulk of the sample. The fundamental principle underlying the method is the inversion of a twodimensional data set in order to obtain three-dimensional information, analogous to the familiar tomographic methods used to reconstruct three-dimensional density distributions in conventional imaging. In the present study we reconstruct the strain profiles from a stainless steel water-spray quenched cylinder. The radially symmetric strain distributions present in the sample help to simplify the analysis, however the method could readily be extended to the reconstruction of arbitrarily complex strain distributions.
Introduction
Bragg edge neutron transmission has been demonstrated to be a convenient tool for non-destructive determination of the average strain within a sample 1 . The method utilizes the abrupt and well-defined increase in the neutron transmission intensity that occurs as a function of the increasing neutron wavelength. Analysis of the shape, position and relative magnitude of these Bragg edges can yield two-dimensional information about the component of the average elastic strain within the sample that is collinear with the incident beam. However, for most samples it is important not only to know the projected strain variation, but also how the strain varies within the interior of the sample. The need to reconstruct three-dimensional maps of the bulk variation in residual elastic strain (r.e.s) throughout samples using two-dimensional projected data provides the motivation for the present paper. The challenge of reconstructing higher-order information from a lower dimensional dataset falls into the large class of problems known as 'inverse problems' to which conventional tomographic imaging also belongs. Hence we refer to this method as neutron strain tomography 2 . In this paper we use Bragg edge neutron transmission data to determine the average 'projected' strain profile for a spray-quenched stainless steel cylinder. This sample was chosen due to the radial symmetry of the bulk residual elastic strain distribution. The radially symmetric strain profile is convenient as an example since it provides proofof-principle for neutron strain tomography without undue complications for the analysis. We describe a method for extracting both the radial and hoop strain components via a direct reconstruction and matching of the measured average strain profile. Independent neutron diffraction measurements made on the sample confirm the validity of the proposed model. The work presented here demonstrates the feasibility of using neutron strain tomography for the analysis of bulk r.e.s. and paves the way to the reconstruction of complex strain distributions in three dimensions.
Experiment
The sample consisted of a stainless steel cylinder, 16 mm in diameter that had been subjected to water sprayquenching. Four 60° cone nozzles, equally spaced around the circumference of the cylinder were used to quench the sample after it had been heated to 800°C. The temperature of the spraying water was 80K. This treatment is known to give rise to residual stresses localised in the vicinity of the cylinder surface. Figure 1 shows a schematic of the neutron Bragg edge transmission experiment. The neutron transmission measurements were made at the ENGIN-X instrument at ISIS (RAL, UK). A beam size of ~25mm (Vertical) x ~25 mm (horizontal) was used. Data were collected on a 2D pixellated area detector with a 10 x 10 array of scintillation detectors each 2 x 2 mm 2 and spaced at a 2.5 mm pitch. Due to the transmission geometry, the average strain component in the direction parallel to the incident beam over the complete transmission path through the object is measured. In the experimental set up chosen the data was in fact read out from a single column of detector pixels while the sample was scanned in a stepwise fashion in the x-direction. Since it was known that there was significant strain variation near the quench surface, close to the edge of the sample the step size was reduced to 0.5mm (i.e. smaller than the 2mm detector pixel size). This meant that the data contained information about the spatial variation of the strain on a length scale smaller than one pixel, and that the effect of the 0.5 mm gap between pixels could also be overcome. In order to validate the strain reconstruction from the Bragg edge transmission data, typical diffraction strain measurements were also carried out. The neutron diffraction measurements were made using the time-of-flight spectrometer ENGIN-X at the ISIS pulsed neutron source (UK). The ENGIN-X data was interpreted by Rietveld refinement of the TOF pattern containing multiple peaks. The lattice spacing determination was carried out at each position of the diffracting gauge volume within the sample, yielding a line profile for the strain components.
Model
Measurements were carried out on the central section of a long quenched cylinder that extended well beyond the gauge volume. The axial strain variation in the centre of the sample was neglected. Hence, we model the average strain by considering the in-plane components only. The strain distribution within the quenched cylinder sample is radially symmetric, hence the spatial variation of the hoop and radial components is described in terms of the radial position r only. Preliminary tests using simulated data showed that the exponential fit equation (1) provides a suitable functional representation of the radial and hoop strain components, even when 20% rms noise was artificially introduced into the simulated average strain data:
where i c are the coefficients to be determined, ) (r i ε are strain components, and max r is the external sample radius.
The strain component in the transmission direction is related to hoop and radial components via the following:
where θ is the polar angle between the radial direction and the positive x-axis, rr ε and θθ ε are the radial and hoop strain components respectively. To account for the finite detector channel size (2mm) it is necessary to average the strain across the width of the transmission gauge volume within the sample, i.e. for:
where x Δ is the width of the detector pixel and j x is the position of the centre of the sample with respect to the centre of the beam for each data point. We denote the average predicted strain on detector pixel j due to the basis where n is the number of unknown coefficients to be determined and ) ( j x e are the strains measured at points j x in the detector plane. The equation relating the unknown coefficients to the measured strains is then given by:
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Once the matrix A and vector b have been formed, the problem is reduced to one of solving the linear algebraic system of equations (5) for the unknown coefficients represented by the vector c . In practice the system is usually over-determined since the number of unknown coefficients is relatively small compared to the amount of experimental data available. Solutions for c were found using least-squares fitting, the progress of the reconstruction of the coefficients was monitored by calculating the sum of the difference of squares in (5), i.e. . Once subsequent iterations produced less that a 10 -10 relative change in the value of 'norm', the least squares fitting was terminated. The stability of the solution was checked by using different trial guesses for the initial value of c . MatLab ® was used for this purpose, with the default starting guess of zero column vector.
Results and Discussion
In order to compare the neutron diffraction data to the transmission data, a forward calculation using the neutron strain tomography model was performed. The hoop and radial strain profiles from the diffraction measurements were first described using the exponential equation given in (1) . The coefficients from these equations give the column vector c directly. Calculating Ac and multiplying the result by the transpose of the average strain coefficient matrix ij ε yields the prediction for the strains that would be measured at the transmission detector from a sample that has the radial and hoop strain profiles found by diffraction. The results of comparing the forward calculation of the diffraction data to the measured average strain derived from the transmission data is shown in Fig.2(a) . The two sets of data are in excellent agreement, providing certain degree of confidence in both the current model and the two independent experiments used to characterise the sample. Next, in order to reconstruct the radial and hoop strain profiles from the neutron transmission measurements, data shown in Fig.2(a) was used to form the right hand side column vector b in (5). The coefficient vector c was then determined using least-squares fitting as described above, and the results used to generate the reconstructed radial and hoop strain profiles. 2(b) compares the radial and hoop strains reconstructed by inverse analysis to those measured directly using neutron diffraction. Also shown are the results of finite element analysis (FEA) to determine the strain profiles for this sample 3 . Reconstructed profiles show reasonable agreement with the measured strain components, accurately predicting that the plastic zone extends approximately 20% into the sample. It is worth noting that at the very edge of the sample the width of the gauge volume is 1mm (this is less than the pixel size of 2mm) thus, 1mm constitutes the best resolution for the transmission data. We note also that the exponential equation (1) does not describe well the variation at larger radii. These considerations account for the fact that the inverse solution is unable to resolve in sufficient detail the variation of the radial and hoop distributions at the edge of the sample. Using over-sampling by displacing the specimen by less than a detector channel width is likely to improve the inversion. It is worth noting that some limitations on the inversibility may be inherent in the method, and require further investigation.
In conclusion, we have demonstrated the feasibility of using neutron strain tomography to determine the variation of the radial and hoop strain components within the bulk of a residually stressed sample possessing axial symmetry. A more sophisticated functional description of the r.e.s. profiles ought to allow more complex r.e.s. distributions to be extracted and would obviate the need for making additional assumptions e.g. about axial symmetry of strains within the sample. It may also be possible -or, indeed, necessary -to combine measurement techniques, since we note that the transmission strain has low sensitivity to the radial component at sample surface. Therefore, additional knowledge of this component at the edge of the sample would improve the posing of the inverse problem. Finally, by placing a slit at the detector or moving the sample in sub-pixel steps it may be possible to help improve the resolution of the experimental data and thus improve the reconstruction. Work is currently underway to address these issues in order to develop neutron strain tomography into a general and versatile technique for the characterisation of bulk residual strains. 
